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Copyright © 200? JCBN Summary Little is known about the postprandial remodelling of erythrocytes phospholipids
(PLs) in type 2 diabetics (T2DM). Therefore, this study aims to compare the alterations of
erythrocyte PLs in T2DM to those of healthy subjects after ingestion of a high-fat meal. Eleven
T2DM and ten healthy subjects underwent a high-fat meal loading. Erythrocytes were isolated
from blood obtained after fasting and 4 h after the meal. Fourier Transform Infrared (FTIR)
spectroscopy was initially used to screen erythrocyte PLs by monitoring C-H stretching
vibrations. Phosphatidylcholine (PC) molecular species were further investigated by Liquid
Chromatography-Electrospray Ionisation-Mass Spectrometry (LC-ESI-MS). For the control
group, FTIR revealed postprandial changes in C-H stretching vibrations, particularly of the
olefinic band. These findings were supported by LC-ESI-MS data, showing marked changes
in PC molecular species, especially of the PC34:1 (where 34 and 1 mean the summed number
of carbons and double bonds, respectively). However, similar changes of those were not
apparent in the T2DM group. Our results reveal marked postprandial alterations of
erythrocyte PC species in healthy subjects whereas only mild alterations are observed in
T2DM. The discrepant effects of high-fat meal loading suggest abnormal PC remodelling in
the diabetic erythrocyte that may affect its membrane fluidity and integrity.
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Introduction
Type 2 diabetes mellitus (T2DM) has emerged as a
significant threat to human health in the 21st century. The
number of adults with diabetes is dramatically increasing;S. Sirikwanpong et al.
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the global prevalence of T2DM was estimated to be 4.0% in
1995 and is projected to rise to 5.4% by 2025 [1, 2]. Among
diabetic patients, macro- and microvascular complications
are the most common complications that cause morbidity
and mortality [3]. One of the potential factors contributing
to these complications is abnormalities in the physical and
biological properties of the blood cells [4]. Previous studies
have shown that some phospholipids (PLs) are altered in
erythrocytes of diabetic patients. These alterations were
reported to be associated with rheological parameters that
result in erythrocyte aggregation (EA) [5, 6], which is an
independent risk factor for developing vascular complica-
tions in diabetic patients [7].
In general, PLs, which are the major lipid component of
the biological membrane [8], are composed of many
hundreds of molecular species whose physical and bio-
logical properties contribute to the overall properties of
the membrane [9]. In the mature erythrocyte, membranes
PLs are continuously renewed during circulation through
the blood. The erythrocyte is unable to carry out de novo
PLs biosynthesis; it regulates PL composition by passive
exchange of intact PLs with plasma lipoproteins [10]. An
alternative pathway of PL renewal involves acylation of
fatty acids with either endogenous or exogenous lyso-
phospholipids (LPC) followed by incorporation into the PL
fraction of the erythrocyte [11]. Moreover, recent evidence
obtained from healthy human subjects indicates that after a
meal, fatty acids are rapidly incorporated into erythrocyte
PLs fractions with preferential incorporation of meal
linoleate. This mechanism may be important for the mainte-
nance of membrane fluidity and integrity [12].
However, little is known about the remodelling of PLs in
erythrocytes of T2DM during the postprandial period. We
hypothesised that erythrocyte PL remodelling in diabetics is
impaired during the postprandial period. Thus, the aim of the
study was to compare the erythrocyte PLs in T2DM to those
of healthy subjects after ingestion of a high-fat meal. In the
present study, Fourier Transform Infrared spectroscopy
(FTIR) was used to rapidly screen any changes in C-H
stretching vibrations that exclusively arise from PLs in the
erythrocyte [13]. Phosphatidylcholine (PC) is the predomi-
nant molecular species in erythrocyte PLs and is primarily
involved in the PL remodelling process [14]. Hence, we em-
ployed a lipidomic approach using Liquid Chromatography-
Electrospray Ionisation-Mass Spectrometry (LC-ESI-MS)
[15] to investigate alterations of PC content in erythrocytes
obtained before and after ingestion of a high-fat meal. The
results from this study should provide a better understanding
of the PL remodelling process during the postprandial period
in erythrocytes of diabetics.
Materials and Methods
Chemicals and solvents
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (PC 14:1/
14:1) (where 14 and 1 mean the summed number of carbons
and double bonds, respectively) purchased from Avanti
Polar Lipids (Alabaster, AL). With the exception of
ammonia (25%), which was analytical grade, all solvents
(e.g., hexane, isopropanol, formic acid, and others) were
HPLC grade. All solvents were purchased from Merck
(Darmstadt, Germany).
Subjects
Eleven subjects with T2DM were recruited from
Theptarin hospital, Bangkok, Thailand. The inclusion
criteria were as follows: 21–60 years of age, male or female,
and diagnosed with T2DM. Patients with an acute infection,
hepatic/renal disease, or were using insulin or lipid-lowering
drugs were excluded. Ten age- and sex-matched control
subjects with normal blood glucose and lipid levels were
randomly selected from among the researchers’ laboratory
staff. The informed consent forms and study protocol were
in accordance with the Declaration of Helsinki and were
reviewed and approved by the ethical committee on research
involving human subjects from Theptarin Hospital, Bangkok,
Thailand.
Study protocol
Subjects fasted overnight for 12 h prior to the designated
study day. During the day of the study, no drugs or medica-
tions were taken until the experiment was completed. After
submitting fasting blood samples, the subjects were given a
single standard high-fat meal in the form of a milkshake and
buttered bread. The meal contained 40 g fat/m2 body surface
area and had an energy distribution of 72% fat, 24% carbo-
hydrate, and 4% protein. The polyunsaturated fatty acid
(PUFA)/saturated fatty acid (SFA) ratio and monounsaturated
fatty acid (MUFA)/SFA ratio were 0.08 and 0.46, respec-
tively. The meal was ingested within 20 min and water was
allowed ad libitum. Blood samples were collected again 4 h
after ingestion of the meal. A 4 h time point was selected
based on in vitro and in vivo studies in erythrocytes that
showed rapid exchange or incorporation of meal-derived
fatty acid into lipid fractions of erythrocytes [12, 16] and
because postprandial triacylglycerol is at its peak (i.e., 4–5 h
after a lipid-enriched meal administration) [17, 18].
Plasma biochemical parameters
Serum glucose and lipids were measured by standard
enzymatic techniques. Low-density lipoprotein (LDL)
cholesterol was calculated using the Friedewald equation
[19]. Hemoglobin A1C (HbA1C) was analysed by an
immunoturbidity assay. Serum insulin was determined byPostprandial Lipid Changes in Diabetic Erythrocyte
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using the immunochemiluminometric assay. Insulin resis-
tance was estimated by the homeostasis model assessment
insulin resistance (HOMA-IR) index derived from fasting
plasma insulin and glucose concentrations (insulin (μU/ml)
× glucose (mg/dl)/405) [20].
Isolation of erythrocytes
Venous blood samples were taken from subjects and
placed into a tube pre-treated with EDTA. Plasma was
immediately separated by centrifugation at 3,000 rpm for
10 min at 4°C. After removing plasma, the erythrocytes
were washed with an ice-cold isotonic solution containing
0.15 M NaCl. The buffy coat was removed by aspiration
after each wash. The packed erythrocyte sample was divided
into small aliquots of 0.5 ml and kept under nitrogen at
−80°C.
FTIR spectroscopy
A Tensor 27 FTIR spectrometer (Bruker Optics GmbH,
Ettlingen, Germany), equipped with a high throughput
extension (HTS-XT) accessory, was used. Erythrocytes
were prepared according to the methods described by
Petibois et al. with slight modification [21]. Twenty micro-
litres of washed, packed erythrocytes were diluted with
180 μl of water and mixed for 60 s. Duplicated dry films
were made for each sample by applying 5 μl of the hemo-
lysate to 96 wells in a silicon microplate. The hemolysate
films were left to dry at 22°C in desiccators under vacuum to
prevent oxidation. After the films were dried, the microplate
was mounted in the FTIR-HTS-XT to enable acquisition of
infrared spectra. The system was purged with dry nitrogen
to reduce water vapour and CO2. All samples were analysed
simultaneously. The infrared spectra were collected from
400 to 4000 cm−1 using a Deuterated triglycine sulphate
detector. Each acquisition consisted of 512 interferogram
scans with a spectral resolution of 4 cm−1. A Blackman–
Harris three-term apodisation and a zero-filling factor of
two were applied. Before recording the erythrocyte spectra,
the spectrum of a blank well of a silicon plate was acquired
and subtracted later from the spectra of the dried erythrocyte
films.
The data were analysed using Optics User Software,
Version 6.0 (Bruker Optics GmbH, Ettlingen, Germany).
Second derivative and vector normalisation were applied to
all spectra to resolve and enhance the intensity of the weak
bands, especially the olefinic band, and also to reduce the
variation in film thickness. The second derivative of the
original spectra was used to identify the peak frequencies
of characteristic components. Since the band intensity or
integrated area derived from the second derivative spectra is
directly proportional to the concentration [22], the integrated
areas of C-H stretching bands were calculated from the
second derivative spectra for preliminary investigation of
the changes relative to the fasting state. Assignments for the
major bands observed in FTIR spectra of erythrocytes are
given in Table 1.
The profiling of PC molecular species by LC-ESI-MS
An aliquot of packed erythrocytes was prepared for lipid
extraction according to the method of Blight and Dyer [23]
with slight modification. PC 14:1/14:1 was added to the
samples as an internal standard. After extraction, the organic
phase was collected and dried by evaporation under a
nitrogen stream. The lipid extracts were stored dry at −20°C
until analysis. An HP 1100 series HPLC system (Agilent
Technologies, Palo Alto, CA) was used. PC was separated
on the diol column Nucleosil 100-OH (Macherey-Nagel,
Düren, Germany; 250 mm × 3.0 mm id. × 5-μm particle
size). A linear solvent gradient was patterned after the
method used by Wang [24] with slight modification.
Hexane/isopropanol (4:1, v/v) was used as mobile phase A,
and mobile phase B consisted of isopropanol/water/formic
acid/ammonia (89.3:10:0.2:0.5, v/v/v/v). Separation was
obtained by using a gradient elution starting at 30% B and
increasing to 60% over 22 min then maintained for another
2 min. After that, mobile phase B was increased to 80% over
11 min and maintained at that level for an additional 28 min.
Finally, solvent B was decreased to 30% in the space of
2 min and the column was re-equilibrated for approximately
5 min prior to the next injection. The flow rate was 0.45 ml/
min and the column temperature was 35°C. The injection
volume was 5 μl.
The HPLC system was directly coupled to an electrospray
ion-trap mass spectrometer or ESI-IT MS (Esquire HCT,
Table 1. Band assignments of major functional groups observed in the C-H stretching region of FTIR spectra of
erythrocytes
Peak No. Frequency (cm−1) Major assignments
1 3020–3000 Olefinic = CH stretching: unsaturated lipids, phospholipids
2 2990–2945 CH3 asymmetric stretching: phospholipids, cholesterol esters, fatty acids
3 2945–2905 CH2 asymmetric stretching: phospholipids, long chain fatty acids
4 2885–2860 CH3 symmetric stretching: phospholipids, fatty acids
5 2860–2840 CH2 symmetric stretching: phospholipids, long chain fatty acidsS. Sirikwanpong et al.
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Bruker Daltonics GmbH, Bremen, Germany) The ESI
capillary potential was set at 4.5 kV. The dry nitrogen gas-
flow rate was 8.0 L/min at 300°C. The MS data were
collected in the negative ion mode. Mass range scan was set
from 500–1,000 m/z at a rate of five spectra for each time
point. All PC molecular species were well-detected as the
formate adduct, [M + 45]−, as previously described [25].
After a correction for overlap of the C13 isotope peak, each
postprandial PC molecular species was calculated and
expressed as a percent distribution relative to its total
concentration in the fasting state. The data acquisition and
analysis were expedited with DataAnalysisTM software
version 3.2 (Bruker Daltonics GmbH, Bremen, Germany).
Statistical analysis
Values were expressed as the mean ± SEM. Normality
was tested by using the Kolmogorov-smirnov test. Paired
and two-sample t tests were used to compare parameters in
the fasting state to the 4 h postprandial time point within
groups and between the control and T2DM groups, respec-
tively. A value of p<0.05 was considered statistically
significant. The statistical analyses were performed using
SPSS software version 11.5 (SPSS Inc, Chicago, IL).
Results
Baseline characteristics and 4 h biochemical parameters of
subjects
No differences in baseline characteristics were observed
in the T2DM group compared to the control group (Table 2).
Plasma biochemical parameters in the fasting state and 4 h
after the meal are summarised in Table 3. As expected,
fasting glucose, HbA1C, and HOMA-IR in T2DM subjects
were significantly higher than those in control subjects;
however, no differences in lipid parameters were observed
between the two groups. Four hours after the meal, both
groups showed a significant increase in triacylglycerol con-
centration compared to that in the fasting state. Postprandial
glucose and insulin levels were also significantly greater
among diabetic subjects than control subjects. Moreover,
the change in insulin concentration relative to the fasting
state was significantly higher in the diabetic group compared
to that in the control.
Changes in the C-H stretching region of erythrocytes after
the meal as measured by FTIR spectroscopy
The average second derivative spectra of erythrocytes
Table 2. Baseline characteristics of subjects
Values were expressed as the mean ± SEM or number of subjects.
Parameters Control (n = 10) Type 2 diabetes (n =1 1 )
Age (years) 46.0 ± 1.7 48.4 ± 2.2
Sex (M/F) 4/6 4/7
Duration of diabetes (years) — 6.5 ± 1.0
Weight (kg) 59.3 ± 2.1 68.9 ± 5.0
Body surface area (m2)1 . 6 1 ± 0.03 1.74 ± 0.07
BMI (kg/m2) 23.64 ± 0.72 25.89 ± 1.56
Waist/Hip Ratio 0.83 ± 0.02 0.86 ± 0.02
Table 3. Plasma biochemical parameters in fasting state and 4 h after the meal
Values were expressed as the mean ± SEM, 4 PP = 4 h postprandial period, 
* p<0.05 fasting state vs 4 PP within group, ** p<0.05 vs control group in the same period.
Parameters
Control (n = 10) Type 2 diabetes (n =1 1 )
Fasting 4 PP Fasting 4 PP
Glucose (mg/dl) 89.0 ± 2.7 99.5 ± 3.9* 130.1 ± 9.1** 132.6 ± 10.2**
Insulin (μU/ml) 5.20 ± 0.80 9.40 ± 1.80* 7.55 ± 1.52 18.45 ± 3.59*,**
Total cholesterol (mg/dl) 203.5 ± 13.6 204.1 ± 14.7 188.7 ± 7.0 198.6 ± 8.4*
Triacylglycerol (mg/dl) 99.6 ± 11.9 239.2 ± 32.6* 110.2 ± 14.8 270.1 ± 37.5*
HDL cholesterol (mg/dl) 51.7 ± 3.6 51.7 ± 3.5 46.0 ± 2.8 45.8 ± 2.4
LDL cholesterol (mg/dl) 131.8 ± 12.6 120.7 ± 7.2
HbA1C (%) 5.7 ± 0.2 7.3 ± 0.4**
HOMA-IR 1.17 ± 0.20 2.37 ± 0.46**Postprandial Lipid Changes in Diabetic Erythrocyte
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used to identify the C-H stretching region in control and
diabetic groups are shown in Fig. 1A and 1B, respectively.
The C-H stretching region arising from PLs in erythrocytes
was originated mainly from olefinic ν = (CH) (3020–3000
cm−1), νas (CH3) (2990–2945 cm−1), νas (CH2) (2945–2905
cm−1), νs (CH3) (2885–2860 cm1), and νs (CH2) (2860–2840
cm−1). The integrated areas of observed bands in the control
and T2DM groups obtained from the fasting state and 4 h
after the meal are shown in Table 4. After the experimental
period, all C-H stretching bands in the control group seemed
to increase whereas all were found to have decreased or
remained unchanged in the T2DM group when compared to
the fasting state. In addition, the percent change in olefinic
ν =( C H ) ,  νas (CH3), νas (CH2) and νs (CH2) bands in the
diabetic group were found to be significantly lower than
those in the control group. Specifically, a marked difference
was observed in the percent change in the integrated area of
olefinic ν = (CH) relative to the fasting state compared to
what was seen in the control group (−2.4 ± 5.3 vs 74.3 ± 9.0,
p<0.001, respectively).
Changes in PC molecular species of erythrocytes after the
meal as measured by LC-ESI-MS
The typical profile of PC molecular species in erythro-
cytes obtained from LC-ESI-MS is shown in Fig. 2 Changes
observed in the control and T2DM groups compared to the
fasting state are presented in Fig. 3A and 3B, respectively.
The predominant PC molecular species of erythrocytes from
Fig. 1. Second derivative average spectra in C-H stretching region of erythrocytes obtained from fasting and 4 h after high-fat
meal loading; (A) Control (B) Type 2 diabetics. Major bands: (1) olefinic ν = (CH), (2) νas (CH3), (3) νas (CH2), (4) νs (CH3), and
(5) νs (CH2).S. Sirikwanpong et al.
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both groups were PC 34:2 and PC 34:1, which accounted
for approximately 28% and 24% of the total PC molecular
species, respectively. In the T2DM group, four PC molecular
species were found to significantly change after the high-fat
meal. However, the control group showed marked changes
of eight major PC molecular species, particularly PC34:1
(16:0/18:1 as major species). As shown in Fig. 4, the total
PC molecular species with SFA and MUFA after the meal
period in the control group significantly increased when
compared to the fasting state, in which there were no signifi-
cant differences in the T2DM group.
Table 4. Integrated areas and the percent changes in the C-H stretching region from erythrocytes obtained before and after the meal in
the control and type 2 diabetic group
Values are expressed as the mean ± SEM, 4 PP = four hours postprandial period, † ΔChange (%) was the percent change in integrated area
relative to fasting state, * p<0.05 fasting vs 4 PP within group, ** p<0.05 control group vs type 2 diabetics in the same period.
Functional groups
Control (n = 10) Type 2 diabetes (n =1 1 )
Fasting 4 PP ΔChange (%)† Fasting 4 PP ΔChange (%)
1. Olefinic = CH stretching, ν=(CH) −0.034 ± 0.002 −0.058 ± 0.002* 74.3 ± 9.0 −0.025 ± 0.001** −0.023 ± 0.001** −2.4 ± 5.3**
2. CH3 asym. stretching, νas(CH3) −1.019 ± 0.006 −1.053 ± 0.006* 3.3 ± 0.9 −1.032 ± 0.010 −1.006 ± 0.006*,** −2.4 ± 1.5**
3. CH2 asym. stretching, νas(CH2) −0.720 ± 0.007 −0.732 ± 0.005 1.8 ± 1.2 −0.738 ± 0.012 −0.705 ± 0.006*,** −4.1 ± 1.9**
4. CH3 sym. stretching, νs(CH3) −0.480 ± 0.002 −0.482 ± 0.003 0.6 ± 1.3 −0.492 ± 0.004** −0.483 ± 0.003 −1.7 ± 1.3
5. CH2 sym. stretching, νs(CH2) −0.118 ± 0.003 −0.116 ± 0.002 −0.9 ± 3.0 −0.128 ± 0.005 −0.113 ± 0.002* −9.8 ± 3.8**
Fig. 2. LC-ESI-MS of phosphatidylcholine (PC) molecular species from erythrocytes; (A) Base peak chromatogram (B) Negative-ion
mass spectrum of PC molecular species. The LC-ESI-MS conditions are described in Materials and Methods. All PC molecular
species were detected as [M + 45]− and the internal standard was PC 14:1/14:1, m/z 718.5.Postprandial Lipid Changes in Diabetic Erythrocyte
Vol. 47, No. 2, 2010
117
Discussion
After the meal period, both groups showed a significant
increase in triacylglycerol concentration. This finding was
consistent with the other studies that have showed that a
meal intake containing 40–50 g of fat results in significant
lipemia in healthy adults [26, 27]. Moreover, the plasma
insulin concentration at 4 h after the meal was in agreement
with the same studies. A previous study demonstrated that
plasma insulin of T2DM was still high 3–4 h after lipid-
enriched meal administration [28].
The preliminary results from FTIR spectroscopy showed
that all integrated areas of C-H stretching bands in the
diabetic group seemed to decrease or maintain the status quo
when compared to those in the fasting state. This finding
contrasts with observations of the control group, which
exhibited apparent changes in those bands, especially a
significant increase in the olefinic band (ν =( C H ) ) .  T h e
olefinic band is an indicator of the relative concentration of
double bond-containing unsaturated lipids in the cell [29].
The findings suggested that unsaturated lipids in the PLs of
a diabetic’s erythrocytes remain unchanged after a high-fat
meal. Since the changes in the olefinic band are closely
related to the modifications occurring with erythrocyte PLs
that contain unsaturated acyl chains [30], we hypothesised
that there may be mild changes in PLs with unsaturated fatty
acids, especially in the PC content of erythrocytes in diabetic
patients. To support this hypothesis, we further investigated
the changes in PC molecular species in erythrocytes obtained
from both the fasting and postprandial states compared to
control subjects by the LC-ESI-MS.
Data from LC-ESI-MS demonstrated that, 4 h after intake
of the meal, there were apparent changes in PC molecular
species in the control group, but not in T2DM; in particular,
a significant increase in PC 34:1 (16:0/18:1 as major species)
was observed. During the postprandial period, the rapid
exchange of intact PLs or incorporation of meal-derived
fatty acids into erythrocyte PL fractions has been described
for healthy subjects [12]. The predominant fatty acids of the
high-fat meal were palmitic acid (16:0) and oleic acid (18:1),
and the predominant PC molecular species was PC34:1 (data
not shown). Thus, the results of this study suggest that the
increase in PC species may be from the exchange of intact
PC molecules from plasma lipoproteins [10] and/or ATP-
dependent acylation of ingested fatty acids with either endo-
genous erythrocytes or plasma lysophosphatidylcholine
(LPC) and further incorporated into the PC fraction of the
erythrocyte. On the other hand, our findings revealed that
there were only mild changes in the PC molecular species
of T2DM, indicating abnormalities in the PC remodelling
process of diabetic erythrocytes during the postprandial
period. The abnormal behaviour may be a consequence of
impaired activities of enzymes participating in the exchange
or renewal processes. The principal enzymes involved in
such processes are phosphatidylcholine-transfer proteins [31,
32], acyl-CoA synthetases, and lysophosphatidylcholine
acyl-CoA transferases (LAT). The latter two enzymes have a
major role in acylation of ingested fatty acids to LPC. In
T2DM humans, there is no evidence that these enzymes are
defective. Nevertheless, there is evidence in streptozotocin-
induced diabetic rats of alterations in membrane fatty acid
turnover by such enzymes as LAT and phospholipase A2
Fig. 3. Changes in phosphatidylcholine (PC) molecular species
in erythrocytes obtained from fasting and 4 h after high-
fat meal loading; (A) Control (B) Type 2 diabetics. All
PC molecular species were detected as [M + 45]− and
displayed as the total number of carbon atoms and
double bonds in the fatty acid moiety of two fatty acids
esterified to the glycerol backbone. 
*Significant difference from fasting state of p<0.05.S. Sirikwanpong et al.
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[33]. In addition, these abnormalities can be restored to
control levels by ATP and insulin treatment [34]. However,
such experiments were done using a type 1 diabetes model,
which was defined as “insulin deficiency”. Further evidence
has been presented regarding a prolonged incubation of
high-insulin concentration, which suppressed the activities
of the phospholipid transfer protein and cholesteryl ester
transfer protein in HepG2 cells [35, 36]. Enzymatic deficien-
cies and high insulin levels may play a vital role in the
impairment of lipid transfer protein activities. Therefore, it
can be speculated that high postprandial insulin concentra-
tions in T2DM impairs or suppresses the principal enzyme
activities of PL remodelling in the erythrocyte. In addition,
other possible mechanisms may involve glycation of amino-
phospholipids in the erythrocyte membrane, which would
cause changes in the structure and stability of the membrane
proteins [37]. Glycation of aminophospholipids, particularly
phosphatidylethanolamine (PE), was reported to be higher
in diabetic erythrocytes [38, 39]. In the present study, some
PE and PS molecular species in the diabetic erythrocytes
obtained during the fasting state were significantly lower
than that of normal subjects (data not shown). A reduction of
such species may be transformed to the glycated species
through the Maillard reaction. This affects erythrocyte mem-
brane properties, resulting in the alteration of membrane-
bound enzymes. Thus, further research is needed to clarify
the relationship between high postprandial insulin levels and
glycated aminophospholipids on the altered activities of
enzymes involved in PLs remodelling in the T2DM model.
In conclusion, the results of the present study indicate
that there are abnormalities in postprandial remodelling of
erythrocyte PLs in T2DM. Abnormal acylation of unsaturated
fatty acids with LPC and/or passive exchange of intact PC
in the postprandial period directly altered the erythrocyte
PLs composition. This phenomenon can contribute to the
impairment of erythrocyte fluidity and deformability,
resulting in the elevated blood viscosity [40,  41]. This
eventually caused the vascular changes in diabetics [42].
Therefore, the abnormalities in postprandial remodelling of
erythrocyte PLs in diabetics could be a potential risk factor
for the development of microvascular complications in
diabetic patients.
Acknowledgments
We thank all the staff from Theptarin hospital for their
help in recruitment of T2DM patients. We also express our
gratitude to all those patients who chose to participate.
Abbreviations
FTIR, Fourier Transform Infrared spectroscopy; LC-ESI-
MS, Liquid Chromatography-Electrospray Ionisation-Mass
Spectrometry; PLs, Phospholipids, T2DM, Type 2 diabetes.
Fig. 4. Changes in total phosphatidylcholine (PC) molecular species categorised by the degree of unsaturated fatty acyl chains within
saturated fatty acids (SFA); monounsaturated (MUFA) fatty acid-containing species, polyunsaturated fatty acid (PUFA)-
containing species (double bond = 2), and highly unsaturated fatty acid (HUFA)-containing species (double bond >2).
*Significant difference from fasting state of p<0.05.Postprandial Lipid Changes in Diabetic Erythrocyte
Vol. 47, No. 2, 2010
119
Author Disclosures
Sukrit Sirikwanpong, Winai Dahlan, Sathaporn
Ngamukote, Siriporn Sangsuthum, Sirichai Adisakwattana,
Vanida Nopponpunth, and Thep Himathongkam declare that
there are no conflicts of interest.
References
[1] Zimmet, P., Alberti, K., and Shaw, J.: Global and societal
implications of the diabetes epidemic. Nature, 414, 782–787,
2001.
[2] King, H., Aubert, R.E., and Herman, W.H.: Global burden of
diabetes, 1995–2025: prevalence, numerical estimates, and
projections. Diabetes Care, 21, 1414–1431, 1998.
[3] Fowler, M.J.: Microvascular and macrovascular complica-
tions of diabetes. Clin. Diabetes, 26, 77–82, 2008.
[4] Brown, C.D., Ghali, H.S., Zhao, Z., Thomas, L.L., and
Friedman, E.A.: Association of reduced red blood cell
deformability and diabetic nephropathy. Kidney Int.,  67,
295–300, 2005.
[5] Labrouche, S., Freyburger, G., Gin, H., Boisseau, M.R., and
Cassagne, C.: Changes in phospholipid composition of blood
cell membranes (erythrocyte, platelet, and polymorpho-
nuclear) in different types of diabetes- clinical and biological
correlations. Metabolism, 45, 57–71, 1996.
[6] Allen, H.G., Allen, J.C., Boyd, L.C., Alston-Mills, B.P., and
Fenner, G.P.: Determination of membrane lipid differences in
insulin resistant diabetes mellitus type 2 in whites and blacks.
Nutrition, 22, 1096–1102, 2006.
[7] Babu, N. and Singh, M.: Analysis of aggregation parameters
of erythrocytes in diabetes mellitus. Clin. Hemorheol.
Microcirc., 32, 269–277, 2005.
[8] Serhan, C.N.: Mediator lipidomics. Prostaglandins Other
Lipid Mediat., 77, 4–14, 2005.
[9] Postle, A.D.: Phospholipid lipidomics in health and disease.
Eur. J. Lipid Sci. Technol., 111, 2–13, 2009.
[10] Renooij, W. and Van Golde, L.M.: The exchange of phospho-
lipids between rat erythrocytes and plasma, and the trans-
location of phosphatidylcholine across the red cell mem-
brane, are temperature dependent processes. FEBS Lett., 71,
321–324, 1976.
[11] Shohet, S.B., Nathan, D.G., and Karnovsky, M.L.: Stages in
the incorporation of fatty acids into red blood cells. J. Clin.
Invest., 47, 1096–1108, 1968.
[12] Hodson, L., Mcquaid, S.E., Karpe, F., Frayn, K.N., and
Fielding, B.A.: Differences in partitioning of meal fatty acids
into blood lipid fractions: a comparison of linoleate, oleate
and palmitate. Am. J. Physiol. Endocrinol. Metab., 296, E64–
E71, 2009.
[13] Petibois, C. and Deleris, G.: Analysis and monitoring of
oxidative stress in exercise and training by FTIR spectro-
metry. Int. J. Sports Physiol. Perform., 3, 119–130, 2008.
[14] Shohet, S.B.: Release of phospholipid fatty acid from human
erythrocytes. J. Clin. Invest., 49, 1668–1678, 1970.
[15] Postle, A.D., Wilton, D.C., Hunt, A.N., and Attard, G.S.:
Probing phospholipid dynamics by electrospray ionisation
mass spectrometry. Prog. Lipid Res., 46, 200–224, 2007.
[16] Oliveira, M.M. and Vaughan, M.: Incorporation of fatty acids
into phospholipids of erythrocyte membrane. J. Lipid Res., 5,
156–162, 1964.
[17] Guerci, B., Paul, J.L., Hadjadj, S., Durlach, V., Vergès, B.,
Attia, N., Girard-Globa, A., and Drouin, P.: Analysis of the
postprandial lipid metabolism: use of a 3-point test. Diabetes
Metab., 27, 449–457, 2001.
[18] Karamanos, B.G., Thanopoulou, A.C., and Roussi-Penesi,
D.P.: Maximal post-prandial triglyceride increase reflects
post-prandial hypertriglyceridaemia and is associated with
the insulin resistance syndrome. Diabet. Med.,  18, 32–39,
2001.
[19] Friedewald, W.T., Levy, R.I., and Fredrickson, D.S.:
Estimation of the concentration of low-density lipoprotein
cholesterol in plasma, without use of the preparative ultra-
centrifuge. Clin. Chem., 18, 499–502, 1972.
[20] Matthews, D.R., Hosker, J.P., Rudenski, A.S., Naylor, B.A.,
Treacher, D.F., and Turner, R.C.: Homeostasis model
assessment: insulin resistance and B-cell function from
fasting plasma glucose and insulin concentration in man.
Diabetologia, 28, 412–419, 1985.
[21] Petibois, C. and Deleris, G.: Evidence that erythrocytes are
highly susceptible to exercise oxidative stress: FT-IR
spectrometric studies at the molecular level. Cell Biol. Int.,
29, 709–716, 2005.
[22] Toyran, N., Lasch, P., Naumann, D., Turan, B., and Severcan,
F.: Early alterations in myocardia and vessels of the diabetic
rat heart: an FTIR microspectroscopic study. Biochem. J.,
397, 427–436, 2006.
[23] Bligh, E.G. and Dyer, W.J.: A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol., 37,
911–917, 1959.
[24] Wang, C., Xie, S., Yang, J., Yang, Q., and Xu, G.: Structural
identification of human blood phospholipids using liquid
chromatography/quadrupole-linear ion trap mass spectro-
metry. Anal. Chim. Acta, 525, 1–10, 2004.
[25] Gao, F., Tian, X., Wen, D., Liao, J., Wang, T., and Liu, H.:
Analysis of phospholipid species in rat peritoneal surface
layer by liquid chromatography/electrospray ionization ion-
trap mass spectrometry. Biochim. Biophys. Acta, 1761, 667–
676, 2006.
[26] Sanders, T.A.: Dietary fat and postprandial lipids. Curr.
Atheroscler. Rep., 5, 445–451, 2003.
[27] Pruneta-Deloche, V., Sassolas, A., Dallinga-Thie, G.M.,
Berthezène, F., Ponsin, G., and Moulin, P.: Alteration in
lipoprotein lipase activity bound to triglyceride-rich lipo-
proteins in the postprandial state in type 2 diabetes. J. Lipid
Res., 45, 859–865, 2004.
[28] Axelsen, M., Smith, U., Eriksson, J.W., Taskinen, M.R., and
Jansson, P.A.: Postprandial hypertriglyceridemia and insulin
resistance in normoglycemic first-degree relatives of patients
with type 2 diabetes. Ann. Intern. Med., 131, 27–31, 1999.
[29] Severcan, F., Gorgulu, G., Gorgulu, S.T., and Guray, T.:
Rapid monitoring of diabetes-induced lipid peroxidation byS. Sirikwanpong et al.
J. Clin. Biochem. Nutr.
120
Fourier transform infrared spectroscopy: evidence from rat
liver microsomal membranes. Anal. Biochem., 339, 36–40,
2005.
[30] Sills, R.H., Moore, D.J., and Mendelsohn, R.: Erythrocyte
peroxidation: quantitation by Fourier transform infrared
spectroscopy. Anal. Biochem., 218, 118–123, 1994.
[31] Roderick, S.L., Chan, W.W., Agate, D.S., Olsen, L.R.,
Vetting, M.W., Rajashankar, K.R., and Cohen, D.E.:
Structure of human phosphatidylcholine transfer protein in
complex with its ligand. Nat. Struct. Biol., 9, 507–511, 2002.
[32] Kuroda, K. and Ohnishi, S.: Phosphatidylcholine transfer
activity in human erythrocyte hemolysate. J. Biochem., 94,
1809–1813, 1983.
[33] Arduini, A., Dottori, S., Sciarroni, A.F., Corsico, N., Morabito,
E., Arrigoni-Martelli, E., and Calvani, M.: Effect of
propionyl-L-carnitine treatment on membrane phospholipid
fatty acid turnover in diabetic rat erythrocytes. Mol. Cell.
Biochem., 152, 31–37, 1995.
[34] Le Petit-Thevenin, J., Nobili, O., and Boyer, J.: Decreased
acylation of phosphatidylcholine in diabetic rat erythrocytes.
Diabetes, 37, 142–146, 1988.
[35] Kaser, S., Foger, B., Ebenbichler, C.F., Kirchmair, R.,
Gander, R., Ritsch, A., Sandhofer, A., and Patsch, J.R.:
Influence of leptin and insulin on lipid transfer proteins in
human hepatoma cell line, HepG2. Int. J. Obes. Relat.
Metab. Disord., 25, 1633–1639, 2001.
[36] Dullaart, R.P. and van Tol, A.: Twenty four hour insulin
infusion impairs the ability of plasma from healthy subjects
and Type 2 diabetic patients to promote cellular cholesterol
efflux. Atherosclerosis, 157, 49–56, 2001.
[37] Levi, V., Villamil Giraldo, A.M., Castello, P.R., Rossi, J.P.,
and González Flecha, F.L.: Effects of phosphatidylethanola-
mine glycation on lipid-protein interactions and membrane
protein thermal stability. Biochem. J., 416, 145–152, 2008.
[38] Breitling-Utzmann, C.M., Unger, A., Friedl, D.A., and
Lederer, M.: Identification and quantification of phosphati-
dylethanolamine-derived glucosylamines and aminoketoses
from human erythrocytes-influence of glycation products on
lipid peroxidation. Arch. Biochem. Biophys., 391, 245–254,
2001.
[39] Ravandi, A., Kuksis, A., Marai, L., Myher, J.J., Steiner, G.,
Lewisa, G., and Kamido, H.: Isolation and identification of
glycated aminophospholipids from red cells and plasma of
diabetic blood. FEBS Lett., 381, 77–81, 1996.
[40] Garnier, M., Attali, J.R., Valensi, P., Delatour-Hanss, E.,
Gaudey, F., and Koutsouris, D.: Erythrocyte deformability
in diabetes and erythrocyte membrane lipid composition.
Metabolism, 39, 794–798, 1990.
[41] Cho, Y.I., Mooney, M.P., and Cho, D.J.: Hemorheological
disorders in diabetes mellitus. J. Diabetes Sci. Technol., 2,
1130–1138, 2008.
[42] Diamantopoulos, E.J., Kittas, C., Charitos, D., Grigoriadou,
M., Ifanti, G., and Raptis, S.A.: Impaired erythrocyte
deformability precedes vascular changes in experimental
diabetes mellitus. Horm. Metab. Res., 36, 142–147, 2004.